Abstract. Ammonia (NH3) emissions from poultry litter results in air pollution
Introduction
Currently one of the biggest environmental issues facing the animal industry in the U.S. is aerial emissions from concentrated animal feeding operations (CAFOs) and land receiving manure from CAFOs. Recently the National Academy of Science has indicated that there is an urgent need to collect data on atmospheric emissions from these facilities (NAS, 2002) . In the United States, approximately 27% of the total NH3 emissions are believed to originate from poultry manure (Battye et al., 1994) , hence it is the atmospheric contaminant that is of greatest concern with respect to poultry production. Ammonia emissions from poultry manure can cause several problems. Often NH3 concentrations in poultry rearing facilities reach very high levels, causing poor poultry performance. High levels of NH3 also pose a risk to the health of agricultural workers in these facilities. Atmospheric contamination of NH3 can also cause environmental problems, such as acid rain, particulate matter less than ten microns , and N deposition into aquatic systems.
Although NH3 emissions from poultry manure are a problem, research in which NH3 emission factors were measured in the poultry rearing facilities, during storage and following land application is lacking. The only study in the literature which measures the relative contribution of loss from each was made by Pain et al. (1998) . They attributed about 55% of the UK poultry emissions of ammonia to housing, 2% to storage emissions, and about 43% to emissions during land application. It should be kept in mind that these numbers will be grossly different in the U.S., since litter is cleaned out between each flock in Europe, but only once a year in most states.
There are several factors that affect NH3 volatilization, including temperature, moisture content, air exchange rate, ammonium (NH4 + ) content, and soil properties, such as cation exchange capacity and surface residue cover. Of the manure characteristics, the most important is manure pH, with higher losses of NH3 occurring at pH's above 7.0. Hence, the most commonly used chemicals to control NH3 emissions from manure are dry acids, such as alum (Moore et al., 2000) .
Generally the most effective method to reduce land application losses of NH3 is to minimize the time the manure is exposed to air exchange. This can be accomplished with soil incorporation of solid manures by tillage soon after application, or by direct soil-injection of liquid slurries. Pote et al. (2003) hypothesized This is not a peer-reviewed article.
Livestock Environment VIII Proceedings of the 31 August -4 September 2008 Conference (Iguassu Falls, Brazil) Publication Date 31 August 2008 ASABE Publication Number 701P0408 that NH3 emissions would be lower from land applications of dry poultry litter if it were directly incorporated into pastures, rather than broadcast applied.
The objectives of this study were to: (1) measure NH3 volatilization from poultry litter in broiler houses, during storage, and following land application, (2) evaluate the factors that affect NH3 losses from poultry litter, and (3) determine the impact of best management practices on NH3 volatilization.
Materials and Methods
Four tunnel ventilated broiler houses (12.8 x 146.4 m) were equipped with NH3 sensors, anemometers, and data-loggers which continuously record the NH3 concentrations and ventilation (air speed) at each of the windows. Ammonia concentrations were measured every 10 sec at each of the four primary fans and at one tunnel fan using Polytron I NH3 sensors equipped with Drager transmitters (each house had four 36" primary fans and ten 48" tunnel fans). Each exhaust fan was calibrated at least one time each year with a Fan Assessment Numeration System (FANS unit), which measures the cumulative outflow of air from a fan throughout the cross-sectional area (Burns et al., 2007) . After initial flow rates (air speeds) were determined for each fan, an R.M. Young anemometer was placed in the so-called "sweet spot" (location where air speed recorded by anemometer equals the average air speed measured with the FANS unit). The NH3 sensors and anemometer were connected to a Campbell Scientific datalogger (CR10X) equipped with additional pulse ports . Average values from the NH3 sensors and anemometers were recorded each minute in four houses during two years (total of 48 flocks of data; five flocks/house during year one and seven flocks/house during year two). The NH3 sensors were checked weekly against known standards and calibrated as needed.
Fluxes of NH3, N2O, methane (CH4), and carbon dioxide (CO2) were measured from the litter at 12 locations within each house on a weekly basis. Fluxes were measured using plastic flux chambers equipped with a photoacoustic multi-gas analyzer (Innova model 1412) using methods described by Miles et al. (2007) . Concentrations of each gas were measured above the litter surface immediately prior to placing the chamber, then again after 60 seconds. In order to calculate N2O emissions, the NH3 emission factor (30.8 g N/bird) was multiplied by the average mole ratio of N2O: NH3 (0.0154) in the weekly flux measurements (on an N basis).
A mass balance of N for the poultry houses was made using data collected on N inputs (feed, birds, and bedding) and N outputs (live birds, dead birds, litter, cake, N2O and NH3 emissions). The amount of feed delivered to the farm, birds delivered, birds caught, bird weights, and feed conversion was provided by the integrator. Mortality data was provided by the grower. In order to determine the N content of broilers, 24 birds (12 chicks and 12 older birds) were collected and frozen. The birds were thawed, passed through a meat grinder, blended for one min in a food processor, then analyzed for total N using an Elementar N. The total N content varied with age, with chicks having lower average N (2.29% N) than older birds (3.03% N). Feed samples and litter samples were taken each week for total N analysis. The amount of litter removed from the house during de-caking or cleanout was weighed using Fairbanks PAL truck scales which were installed at the farm at the beginning of the study. Samples of litter were also taken during cleanout and decaking for N analysis.
During the second year the effect of dry and liquid alum on ammonia volatilization was evaluated. The three alum treatments were: (1) low rate of dry alum (0.045 kg/bird), (2) low rate of liquid alum (equivalent to low rate of dry), and (3) high rate of dry alum (0.09 kg/bird). One house was left untreated to serve as a control. As mentioned earlier there were seven flocks of birds, however, the litter was treated with alum for only the last six flocks, since fresh bedding is normally not treated.
Ammonia loss during litter storage was also evaluated using flux measurements as described above. One U.S. ton (908 kg) of litter was placed in two storage sheds to a height of 1 m. Duplicate flux measurements for NH3, N2O, CO2 and CH4 were made from the two piles periodically for 16 days.
In order to evaluate NH3 losses following land application, a wind tunnel experiment was conducted in 2005. Wind tunnels as described by Meisinger et al. (2001) were utilized to measure NH3 losses from small (2m x 2m) plots cropped to Bermuda grass before and after litter application. The wind tunnels were equipped with vacuum pumps in conjunction with acid traps to trap NH3 at both the inflow and outflow. The tunnels were also equipped with anemometers, which allowed the calculation of air volume passing through the tunnel. Litter (which contained 4% N) was applied at a rate of 5.6 Mg litter/ha (application rate equivalent to 224 kg N/ha). Ammonia emissions were measured continuously for three days prior to litter application, then for 14 days following application. There were two treatments; (1) surface broadcast, which is typical for pastures in the U.S., and (2) litter incorporation using the method of Pote et al. (2003) .
Results and Discussion
In-House NH3 Emissions -Year 1
Average daily NH3 concentrations in the four poultry houses for year 1 are shown in Figure 1 (average for five flocks). Ammonia concentrations were similar in all four houses during the year, as expected, since the management was identical. The average NH3 concentration during year 1 was 25.1 ppm.
The average ventilation rate stayed relatively low for the first three weeks (less than1 million m 3 /day), then increased from 1 to 2 million m 3 /day from three to seven weeks (Fig. 2) . After week 7, the ventilation rate increased to 4-5 million m 3 /day. Ammonia emissions increased from around 2 kg/d-house for the first week of the flock to around 20 kg/d-house by the fourth week, after which time they remained between 20 and 30 kg/d-house (Fig. 3) . The increase in NH3 emissions as birds age is directly related to the amount of N eaten and excreted by the bird.
The average NH3 emission during the flock was 15.2 kg/d-house. The total emissions from all 20 flocks equaled 14,289 kg. Since there were 504,702 birds marketed, this corresponds to an NH3 emission factor of 28.3 g NH3/bird. The interflock emissions, which were calculated from NH3 flux data, were 4,590 kg NH3 or 9.09 g/bird. Hence, the total in-house emission factor was 37.4 g NH3/bird marketed.
This value of 37.4 g NH3/bird agrees well with the value (35.4 g NH3/bird marketed) reported by Burns et al. (2007) for birds of roughly the same age (49 days versus 50 days in the current study). The average in-house NH3 loss was equivalent to 82.4 lbs NH3/1,000 birds marketed, which also corresponds well to the value (77.9 lbs NH3/1,000 birds) reported by Burns et al. (2007) . This emission factor is equivalent to 7.24 kg (16.0 lb) NH3 per animal unit (AU = 500 kg), 14.5 g/kg bird marketed, 1.04 US tons NH3/house-flock, or 5.2 US tons NH3/yr-house.
The average cumulative NH3 emission for all 20 flocks is shown in Figure 4 . The third order polynomial (y = -0.005x 3 + 0.67x 2 + 6.84x + 26.9) predicts cumulative NH3 emissions well based on bird age or day of flock (R 2 = 0.999). 
Nitrogen Mass Balance
The N inputs for year 1 totaled 71,340 kg N. Inputs from bedding, chicks, and feed were equal to 303, 602, and 70,435 kg N, respectively (Table 1) . Hence, feed represents 98.7% of the N inputs, while bedding and chicks represent 0.4 and 0.8%, respectively. There were a total of 2,885,043 kg of feed fed during the year with an average of approximately 2.44% N. There were a total of 526,000 chicks placed which weighed 26,268 kg and had an average N content of 2.29% N. The total amount of N from bedding in the four houses was 303 kg N. Nitrogen inputs from feed, bedding and chicks were equivalent to 139.56, 0.60, and 1.19 g N/bird marketed, respectively. The N outputs from the four houses in year 1 totaled 70,372 kg (Table 1) . Outputs expressed as a percent of total for birds marketed, NH3 emissions, litter/cake, mortality and N2O emissions were 56.1, 22.1, 20.6, 0.9, and 0.3%, respectively. The most striking aspect of these data is the fact that gaseous N emissions exceeded the N output in litter and cake. These outputs are similar to those reported by Coufal et al. (2006) , who estimated birds marketed, NH3 emissions, litter/cake and dead birds comprised 55.5, 21.1, 22.1 and 1.3% of the inputs, respectively. In-House NH3 Emissions -Year 2.
Liquid and dry alum additions to litter significantly reduced both NH3 concentrations and emissions ( Table 2 ). The high rate of alum reduced NH3 concentrations by over 75% for the first two weeks of the flock, 50% the third week, 20-30% thereafter. Reductions in NH3 emissions were similar to reductions in concentrations. Addition of dry alum at the high and low rate reduced average weekly NH3 emissions by 47 and 35%, respectively, compared to the control barns. The low rate of liquid alum only reduced average weekly NH3 emission by 26%, which indicates that dry alum is probably more effective. The NH3 concentration data reported here are similar to that reported by Moore et al. (2000) , however, the reduction in NH3 emissions was not as great as found in earlier work. This is due to a difference in poultry management. Prior research conducted by Moore et al. (2000) utilized smaller birds (1.82 kg at market age) than the current study (2.72 kg at market age). Larger birds produce much more manure, hence more NH3, which requires more acidity to keep it in the NH4 + form, which is not volatile. During the 16-day storage period, a total of 157 g of NH3 was emitted per U.S. ton of litter, which is equivalent to 0.17 g/bird. Nitrous oxide losses from poultry litter, while in the houses, were generally low compared to NH3 emissions, comprising only about 1.3% of the gaseous N losses. However, during the first few days after the litter was stacked, N2O emissions were around 6 g N/d-ton, which represented almost of half of the gaseous N emissions for that day (data not shown).
Ammonia Emissions following Land Application of Litter.
Ammonia emissions from litter that was broadcast on to pastures were equivalent to 34 kg N/ha or 15% of the applied N during a two-week period (Fig. 5) . This is equivalent to 7.91 g NH3/bird. When litter was incorporated as described by Pote et al. (2003) , emissions were zero. 
Ammonia Emission Factor for Broilers.
Ammonia emissions from broiler litter during the flock, between flocks, during storage and following land application were 28.3, 9.09, 0.17, and 7.91 g NH3/bird (Table 3) . Therefore, the total NH3 emission factor (including storage and land application) found in this study was 45.5 g NH3/bird marketed. 
Conclusions
Nitrogen outputs for birds marketed, NH3 emitted, litter/cake, mortality and N2O emitted were 56.1, 22.1, 20.6, 0.9 and 0.3%, respectively. This is the first study to show gaseous N losses exceed N outputs in litter. Mass balance recovery of N was 98.6%. In-house NH3 emissions were 37.4 g NH3/bird (14.5 g/kg bird marketed), while emissions during storage and after land application equaled 0.17 and 7.91 g NH3/bird, respectively. The total NH3 emission factor was 45.5 g NH3/bird marketed. Best management practices, such as alum treatment of litter and litter incorporation during land application significantly reduced NH3 emissions. 
